The behaviors of the slag layers formed by the deposition of molten ash onto the wall are important for the operation of entrained coal gasifiers. In this study, the effects of design/operation parameters and slag properties on the slag behaviors were assessed in a commercial coal gasifier using numerical modeling. The parameters influenced the slag behaviors through mechanisms interrelated to the heat transfer, temperature, velocity, and viscosity of the slag layers. The velocity profile of the liquid slag was less sensitive to the variations in the parameters. Therefore, the change in the liquid slag thickness was typically smaller than that of the solid slag. The gas temperature was the most influential factor, because of its dominant effect on the radiative heat transfer to the slag layer. The solid slag thickness exponentially increased with higher gas temperatures. The influence of the ash deposition rate was diminished by the high-velocity region developed near the liquid slag surface. The slag viscosity significantly influenced the solid slag thickness through the corresponding changes in the critical temperature and the temperature gradient (heat flux). For the bottom cone of the gasifier, steeper angles were favorable in reducing the thickness of the slag layers.
Introduction
Many commercial coal gasification processes such as the Shell, Prenflo, Mitsubishi, Tsinghua and Siemens ones utilize entrained flow reactors feeding pulverized coal in dry or slurry forms [1] [2] [3] . Because the syngas temperature typically increases above the ash melting point, most of the coal ash is molten and deposits onto the gasifier wall to form slag layers. The fraction of slag contacting the cold wall is immobilized (solid layer), whereas that facing the hot syngas flows downward by gravity (liquid slag). At the bottom of the gasifier, the liquid slag is discharged through a slag tap to a water bath and quenched. These slag layers play an essential role in protecting the wall from excessive heat and chemical attack by the hot acidic gases.
Because of its importance in ash discharge, wall protection, and heat recovery, controlling the slag behavior is a crucial issue for the design and operation of entrained flow gasifiers [3, 4] . The ash fusion temperature and slag viscosity are important properties in relation to the flowability and thickness of the liquid slag, which are determined by inherent properties such as the ash composition and chemistry, as well as external conditions such as the temperature and reaction atmosphere [5] [6] [7] [8] [9] . In order to minimize slag-related problems, coals with ash content and properties within an appropriate range should be selected [10, 11] . For coals with high or low slag viscosity, additional supply of CaO-based flux or blending with other coals can be considered [12] [13] [14] [15] . Together with the inherent slag properties and the design/operation parameters influence the slag behavior. For example, the syngas temperature within the gasifier dominates the depositing particle temperature and temperature profile developed within the liquid slag. Because the slag viscosity is strongly dependent on the temperature, the gas temperature can directly influence the slag thickness [16] [17] [18] [19] . The size and shape of a gasifier are also important parameters that affect the ash deposition rate and angle of the gravity force applied to the slag [20] . However, it is not straightforward to understand their influences on the thickness, flow, and heat transfer characteristics of the slag layers, because complex mechanisms and variables are involved in the slag behaviors.
Our previous study [21] proposed a new numerical model to predict the flow and heat transfer of the slag layers, which can overcome the limitations of the analytical models of Seggani [22] and Yong et al. [20] . This model solves the governing equations for the slag layers by using the finite volume method to predict the details of their thickness, temperature, and velocity distribution along the gasifier wall. Because the model is not based on simplifications of the temperature profile and viscosity within the liquid slag layer, it can be used for various operating conditions of a gasifier and for different physical models of slag properties.
In this study, the numerical model was applied to understand the influences of the design/operation parameters and the slag properties in a large-scale coal gasifier. The parameters included the syngas temperature, mass rate and temperature of ash deposition, and height of the bottom cone in the gasifier. The slag properties included the viscosity, thermal conductivity and emissivity. These parameters were varied by 10% from the reference condition to evaluate their effects on the slag layer thicknesses, heat transfer rates and temperatures at the interfaces. The underlying physical mechanisms of the slag behaviors were examined by analyzing the details of the velocity and temperature profiles in the slag layers. Figure 1 shows a schematic of the Prenflo coal gasifier [22] considered in the parametric analysis. It consists of the main body, top cone and bottom cone. The bottom cone has a height of 0.30 m with a wall angle of 12°, leading to a slag tap with a radius of approximately 0.43 m. A numerical model for the slag flow and heat transfer in the gasifier was presented in detail in our previous study [21] . In brief, this model considers the following sets of governing equations for the mass (m), momentum (M) and energy (H) for a control volume within the liquid slag flow:
Numerical Methods and Test Parameters
In the above equations, the terms associated with the slag deposition (mdep, Mdep, and Hdep) and heat transfer from the gas (QGL) became zero for inner control volumes. The equations are discretized using the finite volume method on the cylindrical coordinates for a section of the liquid slag layer perpendicular to the wall, and solved to determine the thickness, velocity and temperature distribution. The sum of the thicknesses of the individual control volumes becomes the liquid slag thickness (δL).
The solution marches from the top to the bottom of the gasifier wall in the streamwise direction. The deposition of ash onto the surface of the liquid layer along the gasifier wall is treated as the addition 
Note that Qcond at r = 0 in Equation (3) is expressed as QLS in Equation (4). Table 1 lists the parameters associated with the gasifier design/operation and the slag properties evaluated by varying them 10% from the reference values. The reference values are based on the operating conditions in Seggiani's study [22] , but were simplified for parametric analysis. In the actual gasifier, the parameters such as Tgas and mdep would have considerable variations in both the streamwise and angular directions on the wall. These parameters also interact closely with each other, but were assumed to be independent in order to identify their influences on the slag behaviors and underlying mechanisms. The gas temperature (Tgas) at the reference condition was fixed at 1800 K along the wall. A change in Tgas accompanied the temperature of the ash deposition onto the wall (Tdep), which was assumed to be 50 K less. The ash deposition rate (mdep) at the reference condition was 5 kg/s, which was uniformly distributed per area along the wall. Tdep was also varied by 10% from the reference value of 1750 K, while Tgas remained fixed. As an important parameter for the gasifier shape, the bottom cone height was varied to 0.33 and 0.27 m, while the radius of the slag tap was fixed. The corresponding wall angles were 13.2° and 10.8°, respectively. The height of the main body is another important parameter for the gasifier design, but its effect on the slag behavior was found to be negligible under the reference condition with a fixed mdep for the section. Equation (6) T cv changed from 1548 K to 1557 K (+10%) and 1538 K (−10%) Thermal conductivity of slag (k) Equation ( With regard to the slag properties, the viscosity, thermal conductivity, and emissivity were also varied from the reference conditions. The property submodels were also described in detail in our previous study [21] . The viscosity of the reference condition was estimated using the correlation of Kalmanovich and Frank [23] as follows: ) in the above equation was multiplied by 1.1 and 0.9 to vary the viscosity. This was accompanied by a change in Tcv at 25 Pa·s from 1548 K to 1538 K and 1558 K, respectively. The thermal conductivity was determined from the thermal diffusivity (k/ρCp) which was fixed at 4.5 × 10 −7 m 2 /s [24] . The slag density was calculated using the slag composition and found to be 2507 kg/m 3 [25] . The specific heat was also calculated using the correlation from the literature [24] and found to be 1.40 kJ/kg·K for the liquid and solid slag above the glass transition temperature (Tglass), and 0.922 + 1.796 × 10
T − 0.218/T 2 kJ/kg·K for the solid slag below Tglass. Tglass was determined to be 992 K for a Cp of 1.1 kJ/kg·K [24] . Therefore, the thermal conductivity became:
Above Tglass: k = 1.58 (W/m·K) Below Tglass: k = 1.040+ 2.025 × 10
The surface emissivity of the liquid slag was also varied from 0.83 [24] to 0.747 and 0.913, which determined the heat transfer rate (QGL) by radiation.
In the boundary condition for heat transfer analysis, the coolant (water/steam) was assumed to have a fixed temperature of 523 K under evaporation with a heat transfer coefficient of 10
The membrane tube for the coolant had a thermal conductivity of 43 W/m·K and thickness of 6.3 mm. The refractory lining between the membrane tube and solid slag had a thermal conductivity of 8 W/m·K and thickness of 16.0 mm [22] .
To assess the influence of the parameters variation, the results were summarized for: (I) the thicknesses of the liquid slag (δL) and solid slag (δS) at the slag tap; (II) the total heat transfer rates from the gas to the liquid slag (QGL) and to the solid slag (QLS); and (III) the temperatures on the liquid slag surface (Tsurf) and refractory-solid slag interface (TR) at the slag tap. Figure 2 shows the contours of the temperature, viscosity, and velocity in the liquid slag layer for the reference value of Tgas and its variation of ±10%. Regardless of the value of Tgas, δL exhibited a similar trend along the wall influenced by the gasifier geometry. The liquid slag rapidly built up at the top cone, and gradually increased in the vertical main body with the continuous deposition of the ash. Once it entered the bottom cone, δL suddenly increased because of the change in the wall angle (α) from 90° to 12°. This illustrates a large influence of the wall angle at the bottom cone, which is evaluated in detail later. The value of δL at the slag tap (y = 0 m) was 17.4 mm for Tgas = 1800 K, 21.6 mm for 1620 K, and 14.4 mm for 1980 K.
Results and Discussion

Effects of Gas Temperature
Within the temperature contours (Figure 2a-c) , the interface temperature with the solid slag remained fixed at Tcv (1548 K), but the surface temperature (Tsurf) facing the gas was influenced by Tgas. The gap between the isothermal lines was uniform across the layer, indicating that the temperature profile in the liquid slag had close to a linear relationship. Based on the correlation in Equation (6) , the viscosity of the liquid slag exponentially decreased from the interface to the surface facing the syngas as shown in Figure 2d Table 2 lists the key results at the slag tap for the ±10% variations in Tgas from the reference value (1800 K). Here, QGL and QLS represent the total heat transfer rate (kW) from the gas to the liquid and solid slag, respectively, integrated along the wall. The slag thicknesses and interface temperatures (Tsurf and TR) were evaluated at the slag tap. Tgas was found to have the greatest influence on the slag flow and heat transfer. Both QGL and QLS were approximately doubled by a 10% increase in Tgas and reduced to a quarter by a 10% decrease, because radiation (~T 4 ) was the main mode of heat transfer at such a high temperature. δS was inversely proportional to qLS (=QLS/A), as indicated in Equation (5) for [K]
[Pa·s]
T gas =1980 K T gas =1800 K T gas =1620 K T gas =1800 K T gas =1620 K 
the thermal conduction across the solid slag layer. Therefore, it gradually increased as qLS decreased along the wall. As shown in Table 2 , δL was less influenced by Tgas than δS. For example, it increased by 24% for a Tgas value of 1620 K. This was because the change in δL was moderated by the velocity profile. As shown in Figure 2f , the low value of Tgas greatly increased the slag viscosity (e.g., from 2.9 Pa·s at the surface at y = 0 m for Tgas = 1800 K to 19.2 Pa·s for Tgas = 1620 K). However, the corresponding decrease in the surface velocity was only 0.017 m/s. The velocity close to the interface of the solid and liquid slag (r = 0 mm) remained unaffected owing to the no-slip condition and the critical viscosity being fixed at 25 Pa·s. Because such velocity profiles determine the thickness (m ~ ρδLvavg), δL was less sensitive to the changes in Tgas.
To investigate the exact trend in the slag thicknesses, additional simulations were carried out for two intermediate values of Tgas at 1710 K and 1890 K. Figure 3 summarizes the results of δL, δS, and Tsurf at the slag tap for different values of Tgas. Here, δS exponentially increased with a decrease in Tgas. Under the extreme condition of Tgas = 1620 K, the solid slag became as thick as 350 mm at the slag tap, which would be thick enough to block the slag tap. Because δS was larger and more sensitive to the change in Tgas than δL, this is a crucial parameter of the slag behaviors in relation to the prevention of blockage at the slag tap. Figure 3 also shows that Tsurf exhibited a linear relationship with Tgas, which can be explained by the overall energy balance. For a section of the liquid slag layer, the energy balance can be approximated as follows:
The terms in Equation (8) represent the radiative heat transfer from the gas (QGL), conduction through the liquid slag layer, and the enthalpy difference between input and output flow, respectively. When rearranged for Tgas and Tsurf:
The second and third terms in the RHS of Equation (9) were two-orders of magnitude smaller than those of T 4 gas and T 4 surf . Therefore, Tsurf changed almost linearly with the variations of Tgas. However, the difference between the two temperatures (Tgas − Tsurf) increased from 10 K for Tgas = 1620 K to 34 K for Tgas = 1980 K.
With regard to the influence of low gas temperatures on the slag flow, it is worth reiterating the results from our previous study [21] . The gas temperature at the bottom cone of this gasifier is typically lower than at main body part where partially oxidative reactions of coal take place. If Tgas suddenly falls from 1800 K to below Tcv at the bottom cone, the hot liquid slag from the main body of the gasifier acts as a temporary heat reservoir, providing heat to the solid slag and gas at both ends. This prevents immediate increases in both δL and δS in the bottom cone. Figure 3 . Effects of gas temperature on the slag thicknesses and surface temperature at the slag tap.
Effects of Ash Deposition Rate
When the particle deposition rate (mdep) changes, it would be reasonable to expect that the slag thickness, especially δL, would be affected by a similar magnitude. However, the values listed in Table 2 show that the changes in the slag thicknesses were reduced to approximately one third of the variation in mdep. This can be explained by the velocity distribution in the liquid slag layer plotted in Figure 4 . When mdep was increased by 10%, the liquid slag near the surface was accelerated by 0.005 m/s, and δL was extended by 0.5 mm. Considering that the area under the curve represents the mass flow rate, the increased portion in mdep or the area was absorbed near the surface, where the liquid slag flowed faster. Therefore, δL became less sensitive to the variations in mdep. QGL and QLS corresponded to the change in δL, and were within 3% of their values in the reference case (Table 2) . Figure 4 also shows that the temperature profiles in the liquid slag at the slag tap remained linear, and the changes in Tsurf were very small (0.5 K). Although the temperature gradient reflected the change in δL, the gradient at the interface to the solid slag (i.e., QLS) was slightly less sensitive. This led to a 0.6% smaller change in QLS, compared to that in QGL. Figure 4 . Effects of ash deposition rate on temperature and velocity profiles of liquid slag at the slag tap.
Effects of Ash Deposition Temperature
In an entrained flow gasifier, inert particles almost immediately reach thermal equilibrium with the gas. However, the particle deposition temperature (Tdep) can be influenced by the exothermic oxidation of char or endothermic gasification reactions. When Tdep was varied to 1575 or 1825 K from 1750 K, its impact was noticeable in Tsurf as shown in Figure 5 . Temp.
Velocity
For example, Tsurf became 10.5 K higher by the deposition of hotter ash. Because this decreased the temperature difference with the gas (T 4 gas − T 4 surf ), QGL was decreased by 16 .7% compared to the reference case. In contrast, QLS was increased by 6.1% by the higher Tsurf. Among the parameters investigated in this study, Tdep was a unique parameter that caused opposite trends in QGL and QLS. Despite the temperature change near the surface, the velocity profile shown in Figure 5 was not sensitively changed because the viscosity was already low at such high temperatures. This led to a very small change (1.2%) in δL.
Effects of Bottom Cone Design
The bottom cone height of the gasifier was varied by 10% from 0.3 m for a fixed slag tap radius. This corresponded to a change in the wall angle of ±1.2°. The values listed in Table 2 show that the influence was approximately 3%, which was smaller than in the other cases. When the bottom cone height was decreased to 0.27 m, for example, the liquid slag at the surface was slowed down by only 0.0025 m/s ( Figure 6 ). This led to an increase in δL of 2.9%. Since the bottom cone immediately changed the slag behaviors as shown in Figure 2 , the effect of the bottom cone design required further investigations before conclusions were reached. The Prenflo gasifier considered in this study already has a short bottom cone, with a wall angle of 12°. In contrast, recent designs for Shell gasifiers reported in the literature have larger bottom cone angles [26] . Therefore, additional cases were studied, in which the wall angle was changed to 18°, 24°, and 30°. The slag tap radius and ash deposition in the bottom cone remained unchanged. Figure 7 shows the velocity distribution within the liquid slag at the slag tap for these cases. The velocity was increased from 0.075 m/s for 12° to 0.102 m/s for 30° by the increased gravity force in the streamwise direction. This reduced δL to 13.2 mm. Table 2 compares the slag thicknesses for the additional cases. Both δL and δS were reduced by 24% for 30°. More importantly, the equivalent thickness in the horizontal direction ((δL + δS)/cos α) was reduced to about a third. The results clearly suggest that the bottom cone angle is a crucial parameter in reducing the possibility of blockage at the slag tap.
Figure 7.
Effects of bottom cone angle on velocity distribution of liquid slag at the slag tap.
Effects of Slag Properties: Viscosity
The viscosity of the liquid slag is a crucial property governing the slag behaviors on the wall. Because of the difficulty in measuring the viscosity at high temperatures, several correlations based on the slag composition have been proposed [23, [27] [28] [29] [30] . However, these correlations exhibited deviations from the measured data depending on the ash samples [31] [32] [33] and with each other [34] . Predicting the influence of the viscosity on the slag behaviors would be helpful in evaluating the impact of the uncertainties involved in the correlations. This is also meaningful in terms of the gasifier operation, because the ash characteristics are important parameters in determining the range of suitable coals and the amount of flux required [11] .
The ±10% variations in the slag viscosity were accompanied by changes in Tcv from 1548 K to 1557 K (+10%) and 1538 K (−10%), because the critical viscosity was assumed to be constant at 25 Pa·s. The values listed in Table 2 show that the increased viscosity thickened the liquid slag by only 1.2%, and the change in Tsurf was very small (1 K). Because the viscosity at r = 0 m remained the same, the influence on the velocity was visible toward the surface, with changes of about 0.0015 m/s as shown in Figure 8a . With a change in Tcv of about 10 K, however, the temperature gradient within the slag layer (i.e., the heat transfer rate) was reduced as shown in Figure 8b . This resulted in a 4%-5% change in both QGL and QLS ( Table 2) . As determined by Fourier's law (δS ~ (Tcv − TR)/QLS), δS was influenced not only by QLS but also by Tcv. This led to a change in δS of approximately 6%, which was about five times larger than that in δL.
However, the above results require careful interpretation because the numerical model assumed the steady-state condition. A transient change in the viscosity of fresh liquid slag does not immediately affect Tcv at the inner layer facing the solid slag. If Tcv and Tgas remain the same, the results indicate that the change in the slag thickness would be very small. Therefore, expanding the model for transient 
Effects of Slag Properties: Thermal Conductivity and Emissivity
The thermal conductivity of the slag positively influenced the heat transfer rates by Fourier's law. The results in Table 2 show that QGL and QLS were changed by approximately ±7% for 10% variations in the thermal conductivity. However, the values of Tsurf and δL remained almost unaffected, with changes of approximately 2 K and 0.3%, respectively. Such a trend for Tsurf was observed along the entire wall, as shown in Figure 9 . Compared to δL, the changes in δS were larger (1.3%). This was because a relatively larger change in TR (3.7 K) was also induced by QLS. Overall, the effect of the thermal conductivity on QLS (to the coolant in the wall) was larger than that of the other parameters, except for Tgas. In contrast, its effect on the slag behaviors was smaller.
The surface emissivity (ε) of the liquid slag was found to have less influence on the slag behaviors, as presented in Table 2 . Although QGL is proportional to ε based on the Stefan-Boltzmann equation, the actual changes in QGL were only about 3% for ±10% variations in ε from 0.83. This was because it accompanied a change in Tsurf. When ε was decreased to 0.747, for example, Tsurf was also lowered by 2.4 K ( Table 2 ). Since this contributed toward an increase in QGL, the resultant decrease in QGL was limited to 3.2%. Subsequently, δS was increased by 2.1%. The change in δL was very small because the temperature and viscosity within the liquid slag layer were only slightly influenced.
Conclusions
Using the numerical model for slag flow, the influences of the design/operation parameters and slag properties were investigated for a commercial coal gasifier by varying the parameters by ±10% from the reference conditions. The key findings are as follows.
 The velocity profile of the liquid slag was less sensitive to the variations in the parameters, and therefore, the change in the thickness of the liquid slag was typically smaller than that of the solid slag.  The gas temperature was found to be highly influential, because of its dominant effect on the radiative heat transfer to the slag layer. The solid slag thickness increased exponentially with an increase in the gas temperature.  The effect of the variations in the ash deposition rate was diminished by the high-velocity region developed near the liquid slag surface. Increasing the ash deposition rate by 10% caused an approximate 3% increase in the thickness of the slag layers.  The slag viscosity significantly influenced the solid slag thickness through the corresponding changes in the temperature (Tcv) and its gradient (heat flux) at the interface of the solid and liquid slag layers. Decreasing the slag viscosity by 10% reduced the thickness of the liquid slag by only 1.3%, whereas that of the solid slag was reduced by 6%.  A higher thermal conductivity of the slag directly increased the heat transfer rate across the slag layer, whereas its effect on the thickness of the slag layers was very small.  For the bottom cone of the gasifier, steeper angles were favorable to reduce the slag layer thickness.
In an actual gasifier, the reactions and heat transfer in the gasifier and the slag behaviors on the wall are closely coupled and interact with each other, unlike the simplification in this parametric study. Therefore, applications of the numerical model integrated with a process simulation or computational fluid dynamics are required to gain a deeper understanding of the complex interactions.
